We have investigated the magnetic ordering and the phase transition in MnO nanoparticles confined in a porous glass using polarized neutron scattering. These MnO nanoparticles are best described as extended wormlike structures with a mean diameter of 70 Å. We observe an apparent continuous magnetic phase transition in MnO nanoparticles, in contrast to the well-known discontinuous phase transition in bulk MnO. By polarization analysis, separating the magnetic scattering, it is found that within the individual MnO nanoparticles about 60% of atoms remain disordered in the low-temperature limit, presumably due to interactions between nanoparticles and glass walls. The continuous character of the phase transition and the unusual temperature dependence suggests a surface-induced disorder phenomenon.
I. INTRODUCTION
Magnetic nanoparticles are currently in the focus of intensive fundamental research for future information technology and an improved understanding of modified or even new phenomena not previously observed in their bulk counterparts are of crucial interest. While finite-size effects on magnetic properties of materials are relatively well documented, 1,2 much less is known about effect of a nanoscale confinement on magnetic proprieties of materials. [3] [4] [5] [6] In confined geometries, finite-size effects are combined with material-dependent interactions with interfaces, which presumably can alter the thermodynamic and magnetic behavior. Our particular interest is the effect of nanoscale confinement on the magnetic phase transition in the classical antiferromagnet MnO. In a previous study of confined MnO nanoparticles by unpolarized neutron scattering, 3 two important observations have been made. First, the magnetic phase transition in confined MnO nanoparticles becomes apparently continuous in contrast to the first-order transition otherwise observed in bulk MnO. Second, the magnetic correlation length was substantially smaller than the average size of the MnO nanoparticles. Golosovsky et al. 3 have suggested the following explanations. The rounding of the magnetic phase transition was ascribed to the finite-size effects while the reduction in magnetic correlation length was a consequence of the random canting of spins at the MnO nanoparticle/glass interface.
In order to stimulate a further discussion on magnetic phase transitions on nanoscale, we carried out polarized neutron diffraction experiments on confined MnO nanoparticles. Polarization analysis enables the direct observation of the previously suggested spin-canting effect in MnO nanoparticles, as well as it allows to separate a relatively weak magnetic scattering from a large nonmagnetic scattering background from the glass matrix. In agreement with previous results of Golosovsky et al., we have observed the apparent absence of a discontinuous transition in MnO nanoparticles confined in nanopores. Here, we include in our considerations effects of surface-induced disorder, in which the MnO/glass interface is wetted by the disordered paramagnetic phase. [7] [8] [9] [10] [11] [12] The proposed model obviously addresses the effect of the nanoconfinement on the magnetic properties of MnO, in contrast to the previous explanation where only finite-size effects were considered. 3 While finite-size effects certainly exist and contribute to a rounding of the phase transition, mere finite-size effects are insufficient to explain the lowering of the order parameter observed over the whole temperature range and indicate a balance between a near surface disordered film and the inner part of the ordered MnO nanoparticle.
II. SAMPLE AND EXPERIMENT RESULTS
The porous matrix was made from a sodium borosilicate glass and it consists of pure SiO 2 with a random interconnected network of elongated pores of 70 Å diameter. The pore size is extremely uniform with a size distribution width of less then 3%. The MnO was synthesized within the nanopores from a manganese nitrate solution by a chemical bath deposition method, without applying external pressure inside the glass matrix. More details on the sample preparation can be found elsewhere. 3, 13 To study the magnetic phase transition in our sample, we used the diffuse neutron scattering ͑DNS͒ instrument at DIDO reactor FRJ-2 in Forschungszentrum Jülich, Germany, 14 set at a neutron wavelength of 5.2 Å. The nanopore sample and the bulk powder MnO sample was measured in a standard thin-walled Al container as a sample holder.
In order to separate the magnetic neutron scattering from MnO nanoparticles from the scattering of the glass matrix and also from the spin-incoherent scattering background on Mn, we have performed experiments with polarization analysis along three orthogonal directions ͑Fig. 1͒. The separated magnetic neutron scattering clearly displays the magnetic Bragg peak ͑ 1 2 1 2 1 2 ͒ at low temperatures and further reveals that a part of the atoms in a MnO nanoparticle remains dis-ordered even at very low temperatures, resulting in a relatively flat diffuse background. One easily notices that the magnetic scattering is weak compared to the nuclear scattering contribution from the glass matrix. Such a diffuse background due to magnetic disorder has been proposed earlier by Golosovsky, however, could not be evidenced from their unpolarized scattering experiments. 3 From the peak-tobackground ratio at 10 K, we estimated that a fraction of 60% Mn atoms in the MnO nanoparticle remains disordered, probably due to interactions with the glass walls, resulting in randomly canted spins near the surface. Furthermore, the temperature dependence of the magnetic ͑ The order parameters as a function of temperature for MnO nanoparticles and bulk powder are shown in Fig. 3 .
Apparently, the magnetic phase transition becomes continuous in MnO nanoparticles. The origin of this rounding will be discussed in details in the following sections. A closer look to the data indicates that the phase transition in MnO nanoparticle occurs at the Néel temperature of T N = 122 K, which is slightly higher then the Néel temperature of 119 K of the bulk MnO. The similar effect was observed by Golosovsky and co-workers.
III. DATA ANALYSIS
Considering continuous magnetic phase transitions on nanoscale, a first approach is to apply finite-size scaling corrections to conventional critical exponents. [15] [16] [17] However, here in case of a first-order phase transition in the bulk, this formalism is not adequate. Hence, we propose an alternative approach to describe the magnetic phase transition in confined MnO nanoparticles, by the theory of surface-induced disorder as derived for Ising spins and planar geometries.
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The model implies a situation when a layer of disordered phase gradually introduces at the surface of a nanoparticle. The layer further penetrates into the ordered bulk, consequently leading to the surface-induced disorder of the entire nanoparticle ͑Fig. 4͒. This model 11 was successfully used to describe the surface-induced magnetic phase transitions in AB binary alloys on a face-centered-cubic lattice.
We applied the same model to describe the experimental data for the following reasons. The results of the full polarization analysis clearly indicated a magnetic disorder even at low temperatures in MnO nanoparticles. We suggest that the disorder originates on the particle surface since the surface disorder in magnetic nanoparticles is well-documented phenomenon. 18, 19 It is plausible to assume that the interactions of MnO nanoparticles with the glass walls also contribute to the surface disorder. Thus, the surface-induced disordering of MnO nanoparticles seems as a very possible scenario. In case of planar geometry and surface-induced disorder, the disordered near surface film exhibits a weak and logarithmic singularity. Hence, a similar behavior of the order parameter can be expected, at least at intermediate temperatures, when the disordered film and the interfacial thickness, related to the correlation length in the bulk, is small compared to the nanopore diameter. In conclusive remarks, we will discuss limitations and imperfections of our model. Although, we cannot show and do not even expect that the model has the correct asymptotic behavior near the phase transition, we transfer this theoretical description in order to keep the number of independent parameters minimal. Actually, a single independent model parameter suffices to describe the temperature dependence of the order parameter of MnO nanoparticles.
The order parameter is comprised by the sum of the local order parameters in each atomic layer of an individual MnO nanoparticle,
where N n is the number of atoms in atomic layer n and n is the order parameter in the same layer. We neglected the size distribution of MnO nanoparticles, due to the less then 3% polydispersity of the glass pores. The order parameter in nth layer is expressed as follows:
where n is the interface position, max = 1 is the maximum order parameter, and Ќ is the interfacial roughness. This tanh profile of the interface 20 is expected to be a close approximation. The parameters are schematically depicted in the Fig. 4 . For the three-dimensional systems, the critical behavior at the wetting transition depends on the value of dimensionless parameter ,
where k B is the Boltzmann constant, T c,b is the phasetransition temperature of the bulk, ⌺ is the interfacial stiffness between ordered and disordered phases, and d is the correlation length of the order-parameter fluctuations in the disordered bulk phase. Two limiting cases of interfacial stiffness have to be considered in our model. 10 The description of the interface between ordered and disordered phases would be different for the large interfacial stiffness ͑0 Ͻ Յ 1 / 2͒ and for the small interfacial stiffness ͑ Ͼ 1 / 2͒. The preliminary simulations indicated that the data is best described when Ͼ 1 / 2, i.e., the interface is rather smooth. Hence, the parameters in Eq. ͑2͒ can be calculated as
where, t =1−T / T c,b is the reduced temperature.
The next step was to make an adequate estimation of the parameters in our model. We estimated the number of atomic layers n assuming a cylindrical shape of the MnO nanoparticles with a radius of 35 Å ͓Fig. 5͑a͔͒. As a result, in our approximation, the cylindrical MnO nanoparticle had eight atomic layers, where the number of atoms N n in nth atomic layer was calculated using the bulk value of the MnO lattice constant 4.44 Å. 21 The bulk correlation length d = 8.88 Å, determining the interfacial width, was estimated from the previous neutron diffraction study of the bulk MnO. 21 The bulk transition temperature T c,b = 119 K was obtained directly from our data ͑Fig. 3͒. The full polarization analysis indicated that about 60% of atoms in the MnO nanoparticle are disordered and thus cannot be described in the frame of the present model. It corresponds to approximately three atomic layers, thus we set N 1-3 = 0. It is a rather surprising result that three atomic layers are magnetically disordered. One possible explanation is the inhomogeneous interface between MnO nanoparticles and glass walls. Presumably, the interfacial roughnesses can lead to a disorder of more than one atomic layer on the surface of the MnO nanoparticle.
The number of atomic layers n, the number of atoms in each layer N n , and the bulk correlation length d have been fixed in the refinement procedure of the phase transition in MnO nanoparticles, which is finally modeled by a single free parameter .
IV. RESULTS AND DISCUSSION
The temperature dependence of the order parameter of confined MnO as compared to the bulk material reveals interesting features, a suppression of order over nearly the entire temperature range, an apparent continuous transition, and may be surprising at first sight, an enhanced temperature stability of the ordered phase. In the previous study by Golosovsky et al., a similar observation was made and the increase in the Néel temperature has been tentatively associated with the wetting of the glass walls by MnO nanoparticles. 3 This picture, however, is difficult to accept because a pinning of random spin orientation by the nanopore wall should consequently results only in a lowering of order compared to situation in the infinite bulk.
There are two possible effects that are a more likely origin of the higher phase transition in MnO nanoparticles than in MnO bulk material. The first reason of this interesting observation could be a nanoconfinement-induced pressure in MnO nanoparticles. If one compares to the bulk powder of MnO, studied by Yoo et al., 22 the Néel temperature is gradually increasing with applied pressure. To discuss a probable second case, we recall the type of MnO order in the bulk, i.e., an alternating layering of spins in ͑111͒ planes, 23 in which the competition between the four different ordering variants along the symmetrically equivalent directions leads to a firstorder phase transition similar to the four-state Potts model in case of Ising spins. One may speculate that the nanocylindrical geometry could prefer one ordering variant, in particular, an alternate layering along the cylinder axis, which would change the universality class and restore a continuous phase transition. Of course, the present powder-diffraction data do not provide such a deeper insight and we have to leave these aspects to future experiments and modeling.
The result of the model refinement for the temperature dependence of the order parameter is shown as a solid line in Fig. 3 . The derived value of = 6.8Ϯ 0.57 indicates a relatively smooth interface between order and disordered phases. We used this value of to calculate the local order parameter in each atomic layer of an individual MnO nanoparticle using Eqs. ͑4͒ and ͑2͒, respectively. As a result, the orderparameter profile of the MnO nanoparticle was reconstructed at different temperatures. Figure 5͑b͒ indicates that the surface-induced disorder gradually penetrates into the inner part of MnO nanoparticles as temperature increases. At lowest temperature of 10 K, the interior of MnO nanoparticle is ordered. When the temperature increases to 80 K, the order parameter in each individual layer is reduced by at least factor of 2. In vicinity of T N , the order parameters reached their minima.
Our approach gives an atomic insight into order-disorder phase transition in nanoparticles, and it is entirely based on the fitting of only one free parameter. While all other variables were derived independently and they were fixed during the fit. An excellent agreement with experimental data supports our assumption that the disordered spins are located on the interface between MnO nanoparticles and glass walls.
Here, we used the theory of the surface-induced disorder for semi-infinite systems, by which however effects of finite curvature and shape on the phase transition were not taken into account. We assumed that the radius of curvature is infinitely large and basically described the wetting in the planar geometry. We next argue that it is a first step toward developing of the model, which describes the magnetic phase transition in confined geometries for cylindrical nanoparticles. To our knowledge, no model explicitly describing our case is available up to date.
The phase transitions have been intensively studied within past decades, however, the exact mechanism behind the order-disorder transition on nanoscale is still under debate. In part, it is explained by a very limited number of experimental results available today. Recent experiments on molecular aggregates of water revealed a size-dependent thermodynamics of free water. 24 The situation becomes much different when the clusters of water are confined. Oguni et al., 25 experimentally studied the glass transitions of water confined in silicagel nanopores of various sizes. They argued that the water confined in nanopores can be divided into two parts: interfacial water in contact to glass walls and internal water inside the pores. These two parts have very different dynamical properties. By changing the size of nanopores, it was possible to manipulate the ratio between interfacial and internal water. As a result, a glass transition was observed at temperatures depending on the size of the nanopores. 25 One should note that the effects of finite curvature and cylindrical geometries on the wetting transitions were theoretically addressed by Gelfand et al. 26 and Bieker et al., 27 unfortunately however, considering only the opposite curvature at the outer surface. Contrary to the curvature effects studied at the outside walls of cylinders and spheres, in the present case, the interfacial area between the ordered and the disordered phase decreases as the disordered layer becomes thicker. As a consequence, the pore curvature acts to enhance the thickening of the disordered layer. Moreover, wetting of Ising-type systems on spherical or cylindrical surfaces exhibits a different surface phase diagram compared to systems with a flat substrate. 26 Considering the effect of the curvature for spherical and cylindrical geometries on a wetting transition which is first order on a planar substrate, Bieker et al. 27 demonstrate that at low temperatures, there is no apparent difference between wetting of planar and cylindrical geometries but a dramatic change in wetting scenario occurs near the critical temperature.
V. CONCLUSION
In conclusion, we measured the magnetic phase transition of MnO nanoparticles in confined geometry by means of polarized neutron scattering. We observed the rounding of the magnetic phase transition of MnO nanoparticles, in contrast to the first-order transition of the bulk MnO. Using the full polarization analysis, we concluded that about 60% of atoms in the MnO nanoparticle remain disordered at temperatures as low as 10 K. It supports the suggestion that the surface of MnO nanoparticles is disordered due to interactions with glass walls. It also can explain why the magnetic correlation length is smaller than the actual size of MnO nanoparticles, as it was reported by Golosovsky et al. 3 We stress that the experimental observation of the lowtemperature magnetic disorder in MnO nanoparticles was possible only because of the advantage of polarized neutron scattering.
In order to model our experimental data, we applied the theory of surface-induced disorder for semi-infinite systems to describe the wetting of MnO/glass interface. Our model is in close agreement with the data and it is based on only one free parameter. While we expect that our model resembles the essential physics for further improvements, the aspect of curvature as well as the Heisenberg spin degrees of freedom should also be taken into account. A closer theoretical description is certainly highly desirable since the magnetism on nanoscale is one of the most rapidly developing areas of research.
